A controlled chromosome substitution experiment was performed on a strain (NDC-L) selected for long life to determine if the genes responsible for the extended-longevity phenotype could be localized to any particular chromosome(s). All 27 different possible combinations of the three major chromosomes of Drosophila melanogaster were constructed and longevities were determined on 3875 individual animals of both sexes and analysed. The results are statistically significant and demonstrate that mean longevity is specified primarily by recessive genes on the third chromosome (c3). The extended longevity phenotype (ELP) is only expressed in those lines which are homozygous for the NDC-L type c3. Loci on the first (ci) and second (c2) chromosomes interact, both positively (ci) and negatively (c2), respectively, such that ci represses c2 which in turn represses c3. The ELP is fully expressed in the mutual presence and mutual absence of ci and c2. The significance of these results is discussed in the context of broader categories of molecular genetic mechanisms suggested previously to be involved in the modulation of longevity in Drosophila.
Introduction
Ageing is a complex biological process. As such, the identification and characterization of the mechanisms controlling the processes of ageing have proven to be elusive. One century has passed since Weismann (i89i) initiated the scientific discussion of ageing. Drosophila has been used in ageing research since 1913 (Hyde, cited in Lints & Soliman, 1988 ) and yet our knowledge of the mechanisms of ageing still does not have a firm foundation.
Genetic approaches have often been used to gain insight into complex biological phenomena, primarily because of their ability to uncover a causal pathway leading from the phenotype of the gene, and vice-versa (Wilkins, 1986) . There is no longer any doubt that longevity and senescence are under some form of *Dedicated to the memory of Howard A. Schneiderman, an enthusiastic scholar, a creative administrator, and a good human being.
Correspondence: Robert Arking. genomic control (Johnson, i988) . However, the nature of that control remains obscure. The genetic control of ageing and longevity in Drosophila has been recently reviewed (Lints & Soliman, i988; Arking & Dudas, i989) . Mutagenesis experiments for single gene life span extension mutants in Drosophila have not been successful (Roberts & Iredale, i985) ; however, experiments involving the selection of long-lived strains were successful (Rose & Charlesworth, 198i; Rose, i984; Luckinbill etal., i984; Arking, i987a) . Analyses of the genetics of longevity in Drosophila indicate that longevity determinant genes with additive effects do exist; however, the effects of these genes are swamped by the large amount of non-additive genetic effects and of genotype-environment interactions (Curtsinger, i990) .
We have previously characterized and described one of these long-lived strains of Drosophila melanogaster with respect to longevity (Arking, i987a) and various physiological (Arking et al., 1988; Pretzlaff & Arking, meters. This long-lived strain shows the same sequence of age-related changes as does the control strain from which it was derived, however the onset of age-related changes are significantly delayed in the former relative to the latter (Arking & Wells, 1990) . These data suggest that the ELP of this strain is a temporally altered, genetically modified normal ageing process. Such knowledge is critical to the genetic analyses of ageing processes, which are of necessity comparative analyses in which qualitative and/or quantitative comparisons are made between the gene processes taking place in long-lived strains relative to those taking place in the normal lived control strain. The two strains involved in this comparison must be carefully chosen, for if they age in different ways or if they age for different reasons, then the results of the comparisons will not be very useful and may even be misleading (Ganetzky & Flanagan, 1978) .
We describe here experiments designed to determine if the genes regulating the ELP in the long-lived NDC-LA (L) strain could be localized to one or more specific chromosomes by means of controlled chromosome substitution procedures and their interactions described. A preliminary report of this experiment has been published previously .
Materials and methods

Stock construction
The original parental lines used in this experiment are the long-lived NDC-LA (L) and the random bred control NDC-RA (R) strains of Drosophila melanogaster which have been described previously (Luckinbill et al., 1984; Arking & Clare, 1986; Arking, 1987a,b) . Randomly selected adults from these two strains were used as well as a chromosome balancer stock (In(2LR)CyO, In(2LR)bw;
In(3LR)CxD, Sb: abbreviated herein as Cy/Pm;D/Sb: see Lindsley & Grell, 1967 , for descriptions) obtained from Professor William Baker (then at the University of Utah), in a series of standard controlled chromosome substitution crosses (Dapkus & Merrell, 1977) to produce a series of stable isogenic lines. These lines were generated prior to and independently of those reported by others working with this strain (Luckinbill et at., 1988) . Only the first three chromosomes, which together comprise some 98 per cent of the genome of Drosophila melanogaster, are analysed in this report. The fourth chromosome was ignored for logistical and practical reasons. An example of a controlled chromosome substitution cross is shown in Fig. 1 which depicts the five-generation procedure used to generate a strain in which both of the first chromosome homo- Fig. 1 A diagram of the particular crosses used to construct the 022 strain. The diagram depicts the composition of the 1st, 2nd and 3rd chromosomes, in that order from left to right, for each genotype. L and R symbolize chromosomes derived from the L and R strains, respectively; Y =Y chromosome; unknown lab strain chromosome; Cy, Pm, D and Sb = dominant markers and crossover suppressors as described in the text. The object of the crosses was to produce a specific stable combination of R and L chromosomes as shown in the F5, without allowing them the opportunity to recombine. Analogous procedures were used to create the rest of the first six strains listed in Table 1. logues were derived from the R strain while the second and third chromosome homologues were all derived from the L strain. This yielded a strain whose chromosome composition could be written as R/R; L/L; L/L. Similar sets of crosses (not shown) were used to generate the other stable isogenic lines, as listed in Table 1 . Approximately 50 pairs were used in each of the P1 generations, thereby avoiding homozygosity due to repeated sampling. Each of the succeeding generations usually employed 20-40 pairs of the appropriate genotypes as parents, but never less than 10 pairs. Once established, these lines were maintained as standard laboratory populations (i.e. randomly mating populations of approximately 100 animals reproduced every few weeks) for 5-6 generations so as to facilitate stabilization before life spans were measured and before generating the remainder of the 27 lines. The notation used to identify the experimental lines throughout the remainder of this report is based on the L chromosome Table 1 were then appropriately crossed so as to create the remainder of the 27 possible chromosome combinations. In all those cases where males were derived from different crosses, we took care to ensure that the L type first chromosomes was introduced into the zygote by a female homozygous for the L type first chromosome. This was done in order to eliminate any possible maternal effects from interfering with the analysis. We have not detected evidence of any maternal effects in other matings.
Survivorship
Survivorships were determined at 25°C following established procedure (Luckinbill et at., 1984; Arking, 1987a; Arking etal., 1988) using 60 pairs of animals in two replicates of 30 pairs each, one pair per vial, and changing the vials every 2 days. At these times, the viability of each member of the pair was noted and the number of eggs laid recorded. We controlled for early death due to non-ageing causes (i.e. accidents and developmental errors), by replacing any healthy and fecund animals that died within the first 2-3 weeks with the same-age siblings that were kept for that purpose. Such young animals were operationally considered to have died of a non-ageing cause if they: (i) were involved in some obvious fatal accident (i.e.
crushed by the plug); or (ii) had been fecund on the day prior to their death. A decrease in fecundity has been shown to be a strong predictor of impending death . After this period, when one member of an experimental pair died it was replaced with a stock animal of the same sx (usually a whiteeyed animal for identification purposes) so as to keep experimental conditions the same (i.e. one pair of flies per vial) until the other member of the experimental pair died. The maintenance of constant pairs is important since it is known that life span in both sexes can vary significantly as a function of mating activity and egg production (Partridge, 1986) . Individual female fecundity estimates were also made and will be described elsewhere.
The exceptions to this procedure were as follows. In one line (001) survivorships were determined on only 30 pairs of animals due to the accidental loss of one set of replicates. In the two parental lines (000 and 222)the vials were changed every day. This has been shown to increase life span slightly but non-significantly (-. 0.5 day) when compared with the 2-day vial changes (Arking et al., 1988) . Logistical reasons prevented our doing daily changes on the experimental vials. The parental measurements were done on the original (i.e. not reconstructed) 000 and 222 strains maintained under normal controlled conditions. For the 000 line (R parental), the life spans were measured on the F37 (n=60), F43 (n=90) and F50 (n=90) generations. For the 222 line (L parental), the life spans were measured on the F37 and F42 (n = 60 for both) generations. The dates of the life span assays for all lines are given below.
Other departures from n =60 in the experimental lines were due to accidential loss of flies during vial changes but none of these included the loss of more than six animals and in most cases totalled only two or three individuals during the course of the experiment. The actual numbers of animals assayed for each genotype are listed in Table 1 and Table 3 .
All life span values presented in this paper are based on the adult life span only. We have previously presented data showing that there is no correlation between the length of the developmental period and the adult life span, at least when temperature was used to double the developmental time (Arking et at., 1988) . We define the latter as the span of time from eclosion to death. It is possible to generate the total life span values (i.e. the span of time from the day of egg laying to the day of adult death) needed to be able to compare meaningfully these data with those of our own earlier reports (Arking, 1 987a) or with those of other investigators (Luckinbill et at., 1988) Zar, 1984) showed that the several populations have survival curves which are not statistically different from one another. We concluded therefore that no unforeseen temporal variation occurred that could have biased the results of the experimental crosses.
Culture conditions Animals were raised under high larval density conditions (i.e. > 50 eggs per vial or equivalent) in a yeast-sucrose-agar media (supplemented with live yeast) at 25°C and L-D: 12-12 as described previously (Luckinbill eta!., 1984) .
Data analysis
The data were analysed by standard statistical procedures (Zar, 1984) while procedures for certain specific tests were obtained from the literature (Dunnett 1955 (Dunnett , 1964 Mode eta!., 1984) .
Results
Description of female longevity
A complete description of the female longevity data for the 27 different chromosome lines is presented in Table 1 . A visual inspection of the column means suggests that the ELP appears to be associated with homozygosity for the L type third chromosome. When these data were examined using a three way fixed effect factorial analysis of variance (AN0vA) with compensation for unequal sample numbers, the results (Table 2) indicated that all three of the major chromosomes have an effect on longevity in Drosophila.
All three chromosomes, however, do not affect the ELP in the same manner. Inspection of the complete data set (Table 1) shows that chromosomes 1 and 2 have different and opposing effects on the life span through their interaction with c3. We describe these chromosome-specific effects by examining the data for female isogenic lines as shown in Table 1 Moreover, further detailed inspection of the data indicates that the situation is more complex than the simple repression of c3 by c2. Not all strains with a L type c2 display a shortened life span. In fact, in those lines which have both an L type c2 and a homozygous L type first chromosome (ci), the life-shortening effect of c2 is negated (in Table 1 , compare 010 vs. 210, 020 vs. 220, 110 vs. 210, 112 vs. 212, 012 vs. 212, 022 vs. 222). In each case, the mean longevity of the first member of each pair is significantly different from that Thus the net conclusion of these data is that ci represses c2 which in turn represses the expression of the longevity enhancing genes on c3.
Description of male longevity
The complete description of the male longevity data for the 18 different chromosome lines is shown in 011; 122 vs. 022; 122 or 112 vs. 012). Thus the male longevity data also lead to the conclusions that (a), the genes on c3 are necessary and essential for the expression of the extended longevity phenotype; and (b), the *Data is shown as the mean, the 95% confidence limits, and the number of animals assigned.
expression of c3 is repressed by c2 which in turn is repressed by ci. Males and females show the same patterns of chromosome interactions. As mentioned in the 'Materials and methods', some of the male chromosome lines have mean values which represent the pooled longevities of individuals derived from different types of crosses (i.e. 112 males were derived from both a 202 female x 022 male cross and from a 202 female x 222 male cross). Our records allowed us to identify and analyse separately the nine Table 1 . The survival curves and the mean life span of each line were compared with those of the 000and 222 lines, and the statistical results were used to group the lines as described in the text. In most cases, the parametric and non-parametric tests yielded the same conclusions for each line; the astericks indicate those cases where the two tests gave different results (see text for explanation). Note that the nonparametric results yield the more stringent grouping, and that is what is shown here. Fig. 3 The chromosome constitution and the mean life span are shown for males of each of the isogenic lines listed in Table 3 . The survival curves and the mean life span of each line were compared with those of the 000and 222 lines, and the statistical results were used to group the lines.
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groups of affected males. Only one of these nine sets (the 100 males) was found to be composed of populations derived from different crosses which were significantly different from one another. We therefore doubt that the difference in lineage can fuily explain the intermediate male values noted in Table 3 .
Statistical analysis of longevity
Both sexes show the same sort of longevity response to the same sort of chromosome combinations. There is no evidence of heterosis. Both non-parametric and parametric tests were used to analyse statistically each of the 27 individual genotypes to determine the specific effects of chromosome composition on longevity. We employed the Kologmorov-Smirnov non-parametric survival test (Mode et al., 1984; Zar, 1984) to compare individually the survival curves of each sex of each isogenic line with the same-sex survival curve of the 000 and the 222 strain. This procedure allowed us to determine the statistical similarity of each line relative to both controls. Most, but not all, of the lines are statistically similar to one of the control lines and statistically dissimilar from the other control line. are shown in Fig. 2 where they have been arranged according to whether the survival curve for each particular chromosome line had a longevity which was statistically greater than, less than, identical to or intermediate between that of the 000 (R) and the 222 (L) controls. It may be seen that the female data fall into one of four statistically discrete classes; a shorter lived type, an R type, an intermediate type or an L type longevity. The production of each particular life span phenotype is clearly governed by the genotypes of their chromosome combinations. The data for males (Fig. 3) fall into the same general classification scheme.
The grouping into four mean life span categories based on the overall survival data was verified by using the Dunnett's multiple comparison parametric test in which multiple sample means are individually compared with a control mean and their statistical similarity/dissimilarity ascertained (Dunnett, 1955 (Dunnett, , 1964 Zar, 1984) . The mean longevity value for each sex of each chromosome line (Tables 1 and 3) was independently compared with the mean longevity of the 000 and the 222 control lines. The data were analysed using the same logic as for the non-parametric tests described above. The two sets of conclusions are mostly compatible, the non-parametric test being the more stringent. The tests disagree in only eight of the 82 comparisons, and these cases are indicated by an asterisk in Figs 2 and 3. In all but two cases (101 and 201), the disagreements involved a drop to the next lowest life span category. In no case did either test statistically associate an extended life span with animals which were not homozygous for the L type third chromosome.
Discussion
All of the 27 possible chromosome combinations were examined in an effort to determine if the longevity determinant genes believed responsible for the ELF in our NDC-L strain could be localized to any particular chromosome or set of chromosomes. The results are quite clear. First, longevity is a quantitative trait in which the ELP is only expressed in those lines which are homozygous for the L type c3. In addition, there exist loci on c2 which have a negative regulatory effect on the c3 genes. This inhibitory effect of c2 is itself inhibited by homozygous or hemizygous L type ci.
Taken together, these chromosomal interactions defined which genotypes can, or cannot, express the extended longevity phenotype when raised under the appropriate environmental conditions (see companion paper).
Genetic components affecting longevity Curtsinger (1990) has examined the nature of the genetic components affecting life span in large inbred and hybrid laboratory populations of Drosophila. He has estimated that about 20 per cent of the total genetic variance associated with life span in these populations is due to additive genetic effects, about 20 per cent of the variance is due to non-additive genetic or interaction effects, and about 60 per cent of the total variance is due to genotype-environmental interactions. Our analysis has allowed us to identify these same components, albeit in a different manner. We have clearly identified a set of recessive genes on c3 whose presence is required for the expression of the extended longevity phenotype and which presumably corresponds to the additive genetic effects. We have also described above positive and negative interaction effects of ci and c2 upon c3; these epistatic chromosomal interactions presumably correspond to the nonadditive genetic variance. Finally, the companion paper (Buck et a!., 1993) deals with the genotype-environment interactions involved in the expression of the extended longevity phenotype. We have found no evidence for heterosis.
This classification of the different types of genetic effects observed in the system suggests that any further understanding of the genetic components affecting longevity in the L strain must involve an analysis of these three classes of effects.
Longevity determinant genes. Once the non-additive and environment effects are held constant, then it is apparent that the animals' life span is under the control of the recessive genes on c3. If these c3 genes in this strain are analogous to the longevity determinant genes described by Cutler (1975) and by Sacher (1975), then there is probably more than one set of longevity determinant genes. Two of the existing three extended longevity strains known to exist in Drosophila were derived by similar experimental protocols in which the founder stock was directly selected for delayed reproduction and only indirectly selected for long life (Rose, 1984; Luckinbill et al., 1984) . Other successful selection schemes, particularly if they affected other phases of the adult life cycle, might well depend on longevity determinant genes other than those characterized in this report (Hoffmann & Parsons, 1992; Rose et a!., 1992) . A thorough understanding of the genetic regulation of the processes of ageing will depend on our knowing just how many different components can comprise the genetic system governing longevity.
Our data should not be interpreted as implying that the only genes involved in the expression of the extended longevity phenotype are these c3 genes. The present data can be interpreted as suggesting that the action of the genes precedes, and is epistatic to, the action of genes elsewhere in the genome. In the absence of the L type c3 genes, these other genes demonstrably are not effective in producing the ELP (compare, for example, 220 vs. 002 in Fig. 2 ). It appears that there is a temporal hierarchy of molecular genetic events which are expressed beginning in the third larval instar (Dudas & Arking, in preparation ; also see companion paper of Buck eta!., 1993) and which culminate in the delayed onset of senescence in the adult phases of the life span (Arking & Wells, 1990) .
In an independent set of experiments, we have examined the electrophoretic patterns of several enzymes in the R and L strains (Dudas et al., in preparation) . The alcohol dehydrogenase (ADH) gene is located at 50.1 on c3 and plays a role in the expression of the ELP (Dudas & Arking, in preparation) . The pertinent observation in this system is that the electrophoretic pattern of the ADH isozymes is dependent only on the L or R origin of the c3, the origin of the c2 being of no consequence. This result confirms the existence in our system of trans-acting chromosomal interactions.
Chromosomal interactions. The chromosomal interactions described above suggest that the simplest form of the genetic circuits involved in modulating the effect of the longevity determinant genes are: (i) the c2 inhibits the c3 genes essential for the expression of the ELP; and (ii), the c2 is itself inhibited by either homozygous or hemizygous ci. Thus, the net effect of an animal being homozygous for ci and c2 is to allow c3 to be expressed (222). The c3 is also expressed if the animal contains only R type ci and c2 (002). Consequently, balanced combinations (i.e. 202, 212 ) of ci and c2 yield an L type life span; unbalanced combinations of ci and c2 yield an R type life span (Figs 2 and   3 ). The fitness effects of these properties of the L type ci and c2 have not been investigated. We do not know why the selection procedure did not directly select just for the c3 containing the longevity enhancing genes. We know that our longevity selection regime was inadvertently structured so as to simultaneously select for fast larval development under NDC conditions. It is possible that this parameter may have something to do with the presence of the chromosomal interactions.
Environmental effects. Environmental factors can have a specific or non-specific effect on the ageing processes. Temperature is an example of a non-specific environmental factor. It has long been known that lowering the ambient temperature will prolong the life span of poikilothermic animals. We have shown (Arking et at., 1988) that both the L and the R strains react as expected, both showing an inverse relationship between temperature and longevity. However, at any temperature, the L strain always has a higher mean and maximum life span relative to the R strain. Temperature non-specifically affects longevity without specifically affecting the molecular genetic processes responsible for the regulation of ageing. have reported that larval density appeared to specifically affect the longevity of the L strain. We have examined this in some detail and conclude that larval density is indeed a specific modu-lator of ageing in Drosophila. This work is described in detail in the companion paper of Buck eta!. (1993) .
Comparison with previous studies An Oregon-R population of Drosophila has been reported to show large and presumably non-random variations in their mean life span values when they are continuously assayed over long periods of time (Lints & Hoste, 1979; Lints et al., 1989) . The experiments described here took approximately 2 years to complete; they could clearly have been subjected to these same undefined and inexplicable variations. However, this is not likely to be the case as the statistical control data, presented in the 'Materials and methods' section above, shows no temporal variation in the values.
Rose and his colleagues have also selected five longlived strains of Drosophila (Rose & Charlesworth, 1981; Rose, 1984) , and have used various types of population crosses to perform a quantitative genetic analysis of them (Hutchinson & Rose, 1991; Hutchinson et al., 1991) . These latter studies enabled them to conclude that: (i) the extended longevity phenotypes involve additive genetic inheritance in population crosses (although they cannot exclude the presence of dominance among individual loci); (ii) c3 is involved (Rose, cited in Finch, 1990, pp. 307-308) ; (iii) there are a number of other physiological traits that are associated with extended longevity; and (iv) there is very little difference between each of the several control or long-lived lines. The data presented in this report and the data presented in Arking & Wells (1990) (Fig. 2) as being overdominant relative to the six unbalanced intermediate genotypes (Fig. 2) . If so, then the difference in our results is simply the outcome of the different statistical and genetic methods employed.
A genetic analysis of the same NDC-L strain reported here has been previously reported by Luckinbill et al. (1987 Luckinbill et al. ( , 1988 . Their initial studies suggested that the ELP was due to the effects of one locus (Luckinbill et al., 1987) . In a subsequent paper (Luckinbill et al., 1988) , they reported that longevity varied continuously across a range of values defined by the two parental strains and concluded that it was under polygenic control with contributing elements on all three major chromosomes. Most of the effect (i.e. about 72 per cent) resided on the third chromosome and about 17 per cent was localized to the first chromosome. This data is consistent with our ANOVA results. Our data presented here extend these results by demonstrating that the ELP is dependent not only upon the composition of c3 but that both positive and negative chromosomal interactions are also involved.
The overall agreement among these several studies is noteworthy. Four laboratories used different techniques to analyse three different long-lived strains of Drosophila melanogaster and all have demonstrated that the main genetic effect responsible for the ELP is autosomal and primarily involves c3.
Conclusion
Martin & Turker (1988) have pointed out that a genetic analysis of ageing is the approach most likely to uncover the causal mechanisms underlying normal biological ageing. The questions that must be initially answered in such an approach are: (i) the determination of the location, number and type of genes involved; and (ii) the nature of the gene action implicated in such systems. In this report, we have used chromosomal substitution to demonstrate that, in both sexes of our Drosophila strains, the ELP is expressed only in four genotypes (002, 202, 212, and 222; see Fig. 2) which are homozygous for the L type c3. Loci on ci and c2 interact, both positively (ci) and negatively (c2) such that ci represses c2 which in turn represses c3. Trans-acting interchromosomal effects play an important part in the genetic control of the ELP. Our companion paper (Buck et al., 1993) extends these findings so as to define the time of action of these genes as well as to suggest at least two potential physiological mechanisms which may be involved in the expression of the ELP. The 23 other genotypes exhibit a spectrum of 'normal' longevity values which do not demonstrate any statistical significant extension of longevity. These 23 genotypes appear to represent normal plasticity of the baseline R strain to genetic alterations.
A careful genetic analysis at the classical level has been demonstrated in other developmental systems to be a prerequisite for a successful analysis at the molecular level. This type of genetic analysis will also lay the basis for potential intervention strategies. The information presented in this report provides part of the baseline for future work on specific molecular genetic mechanisms of ageing processes.
